Semiconducting (semi-) single-walled carbon nanotubes (SWNTs) must be purified of their metallic (met-) counterparts for most applications including nanoelectronics, solar cells, chemical sensors and artificial skins. Previous bulk sorting techniques are based on subtle contrasts between properties of different nanotube/dispersing agent complexes. We report here a method which directly exploits the nanotube band structure differences. For the heterogeneous redox reaction of SWNTs with oxygen/water couple, the aqueous pH can be tuned so that the redox kinetics is determined by the availability of nanotube electrons only at/near the Fermi level, as predicted quantitatively by the Marcus-Gerischer (MG) theory.
reaching 94%. [30] [31] [32] For larger diameter SWNTs, the sorting efficiency is limited more obviously by the separation mechanism. The highest electrically-verified purity of enriched arc-discharge semi-SWNTs obtained after a single separation cycle has reached up to 98.3% via a hydrogel-based column chromatography method. 21 To achieve higher purity, multiple iterations 21 or more time and energy consuming approaches (e.g., DGU 22, 23 ) are required. A new class of sorting mechanism that directly exploits the band structure difference between semi-and met-SWNTs may likely achieve much higher sorting efficiency.
Redox reactions involve the transfer of electrons so that they may potentially exploit the different band structures of met-versus semi-SWNTs for achieving highselectivity nanotube sorting. [33] [34] [35] [36] In general, met-SWNTs are most easily oxidizable (to donate electrons), followed by semi-SWNTs with smaller bandgap (large diameter), while semi-SWNTs with large bandgap (small diameter) are the most inert. 37, 38 By exploiting redox reactions, small diameter HiPco tubes have been chirality-fractionated via complementary chromatography 36 and ATP 34 methods. The sorting of large diameter arc-discharge SWNTs by tuning the solution pH and with DGU method also exploits the differential redox reactions of met-versus semitubes. 35 However, in these previous redox-based sorting studies, it is also the resulting differential adsorption and reorganization of the dispersing agent that is used for the separation. [33] [34] [35] [36] No work has been reported that can realize high-purity sorting by restricting the redox reaction to nanotube electrons at/near the Fermi level and thus directly exploiting the differential band structures of met-versus semi-SWNTs that may result in opposite nanotube surface charges.
We herein report a novel separation strategy that exploits the differential transient redox reaction rates between met-versus semi-SWNTs with oxygen/water couple (Equation 1) at the optimized acidic pH to achieve opposite nanotube surface charge signs. The transient heterogeneous redox reaction of SWNTs with O2/H2O couple can be tuned by pH so that electrons transferring out of the nanotubes are restricted to those at the Fermi level, in accordance to the Marcus-Gerischer (MG) theory; 39 we can then differentiate met-from semi-SWNTs which differ dramatically in their absence/presence of bandgaps. We also calculated the amount of charge transfer from semi-versus met-SWNTs based on the MG theory. We show that by optimizing the pH of the O2/H2O couple and using noninterfering nonionic surfactant (e.g., Triton X-405), met-SWNTs can selectively invert their overall surface charge sign to positive due to the more extensive p-doping; at neutral pH, the SWNTs are anionic because of surface defects. Semi-SWNTs, on the other hand, undergo significantly less oxidation and remain negatively charged. A synergistic chromatographic system has been designed using negatively-charged agarose beads, non-ionic surfactants and acidic pH (Scheme 1A). These oppositely charged distinct electronic types (i.e. met-versus semi-species) can be sorted efficiently utilizing their electrostatic attraction/repulsion with negatively charged hydrophilic agarose beads (beads functionalization shown in Scheme 1B). This novel charge sign reversal (CSR) sorting technique is highly selective and robust, achieving record high purity of semi-SWNTs above 99.94% after a single pass through the column and is able to sort SWNTs with a wide diameter distribution.
RESULTS AND DISCUSSION
SWNTs suspended in solution at neutral pH are negatively charged because of defects generated during the nanotube purification and suspension steps. 40, 41 They may obtain positive charges through the pH-mediated redox reaction with dissolved oxygen/water redox couple as described by Equation (1): 37, 38, 42, 43 
where e − and h + respectively represent an electron and a hole in a SWNT. However, the approach to thermodynamic equilibrium is controlled by the reaction kinetics, and the redox reaction (1) is known to be rate-limited by the heterogeneous electron-transfer process (2): 45, 46 O e → O
According to MG theory, the transient rate at which SWNT electrons of a specific energy are transferred out depends on the availability of nanotube electrons at that energy as well as the availability of unoccupied states of the O2/H2O couple at the same energy level. SWNT electrons with energies overlapping with that of unoccupied states in the O2/H2O couple are transferred out. The density of occupied states of the solid SWNT is determined by the nanotube DOS, which is fixed, and also by the instantaneous Fermi level, which declines with the progressive oxidation of the SWNT (Figure 1 , left side of each sub- figure) . The DOS of the O2/H2O couple is taken to be fixed (as the oxidizing bath is effectively infinite so that the O2 concentration near the SWNT does not decline significantly with time). The energy states of the O2/H2O couple have a Gaussian distribution in which the most populous species is not at the electrochemical potential (also called the electrolyte Fermi level, and is a function of pH) but is offset from it by a reorganization energy penalty (λ) [45] [46] [47] ( Figure 1 , "Dox" curve in each sub- figure) . λ is an energy penalty that relates to the reorganization of the polar water solvent molecules around the ions/molecules involved in the rate-limiting electron transfer reaction (2) and is approximately 1 eV for the O2/H2O couple. [45] [46] [47] As importantly, the energy levels (i.e. vertical height) of the Gaussian curves of availability of energy states of the O2/H2O couple can be tuned by pH.
From Figure 1 , we see that only the low energy states in the Dox curve of O2/H2O overlap the occupied SWNT electron states at/near the SWNT Fermi level (EFi).
These overlapping regions are represented by the shaded areas "II" in Figure 1 , whose area determines the reaction rate. At even lower energy levels (lower than the electrochemical potential of the O2/H2O couple, e.g. -6 V), the O2/H2O couple has essentially no unoccupied states to receive the nanotube electrons and thus the electron transfer rate from these energy levels is effectively zero (according to Equation (M4) in Methods). At neutral pH, the electron transfer kinetics for both metand semi-nanotubes is slow (illustrated by the small shaded regions of II in Figure 1A and 1C). As the pH is reduced to acidic values, the redox potential of the O2/H2O couple decreases so that the overlap of SWNTs with O2/H2O states increases ( Figure 2A . Based on the analysis above, we speculate that, although both types of SWNTs have anionic charges at neutral pH which are caused by carboxylic groups on their defect sites, 40 at sufficiently acidic pH, met-SWNTs may quickly gain enough positive charge to compensate the initial anionic surface charge and even acquire cationic net surface charge, a phenomenon that has previously been observed in diamonds as well. 42 On the other hand, the more slowly oxidized semi-SWNTs will acquire less positive charge than the met-SWNTs. With suitable adjustment of pH, it could be possible to cause met-and semi-SWNTs to bear opposite overall surface charge polarity.
The next step is to experimentally verify this expected differential redox effect on carbon nanotubes. To measure changes of surface charges on SWNTs, confounding effects due to charges on ionic surfactants (typically used for dispersing nanotubes) must be eliminated. We accomplished this by suspending and de-bundling the nanotubes in water with the help of non-ionic surfactants, rather than the charged surfactants such as SDS or SC commonly used for sorting. Triton X-405 is a perfect choice since it disperses SWNTs efficiently (especially large diameter SWNTs) 48 and is stable in acidic to basic pH. Consequently we are able for the first time to directly observe, by means of zeta potential measurements of bulk nanotube samples ( Figure   2B ), the pH-dependent differential redox-induced surface charging of met-and semi-SWNTs. As the pH is reduced, the zeta potential of both types of SWNTs increases ( Figure 2B ) because of increased p-doping of the SWNTs; this change is also reflected by the narrowing of the Gband and the upshifting of the 2D band in the Raman spectra ( Figure 2C ). 49, 50 In addition, the zeta potential of met-SWNTs is always higher than that of semi-SWNTs ( Figure 2B ), corroborating the greater degree of electron transfer from met-SWNTs. Crucially, over a substantial pH range of around 3-4, the measured zeta potentials of met-and semi-SWNTs indeed have opposite signs ( Figure 2B ), as predicted by our analysis above based on the MG theory; there's no charge on Triton X-405 at this condition (Table S1 ). At even more acidic pH lower than the isoelectric points, the zeta potentials of both semi-and met-SWNTs start to decrease likely due to the adsorption of negative counter-ions (Cl -) in the Helmholtz diffuse layer (Scheme S1, Supporting Information). 51 We quantitatively calculated the concentrations of holes acquired by SWNTs ( Figure 2D ;
see Methods for details). Our result indicates that in the pH range of 3-4, met-SWNTs are substantially more p-doped (~0.005 to ~0.007 holes per carbon-atom, a severalfold higher degree of p-doping than that of semi-SWNTs). This contrast is large enough to impart a differentiating charge sign between the met-and semi-SWNT populations.
To exploit this significant charge sign contrast for sorting, we developed a novel electrostatic chromatography method (Scheme 1A) to sort out the semi-SWNTs from an input mixture with met-SWNTs. The chromatography beads used are agarose beads (Sepharose 4B, GE) functionalized with anionic naphthalene-sulfonate compounds by a two-step reaction 52 (Scheme 1B). The coverage of the surface functionalization is calculated to be ~0.33 mmol anionic naphthalene-sulfonate groups on 1 mL functionalized beads (details shown in Supplementary Note 2, Supporting Information). The hydrophilicity of the agarose hydrogel beads minimizes the possible confounding non-specific adsorption between the beads and SWNTs and reinforces the sorting force caused by the opposing charge signs between met-versus semi-SWNTs. The sulfonate groups have pKa of around -2.8 and were chosen because they remain negatively charged over the full pH range we used for sorting optimization. The using of non-ionic surfactant avoids the external charges induced to SWNTs and allows the electrostatic adsorption/repulsion to be the dominant separation force.
We shall describe various optimization efforts starting with the effect of pH on CSR SWNT sorting using congo red (CR, compound 1, Scheme 1B) functionalized beads, hereafter referred to as Sepharose4B-CR beads. In the pH range of ~3.2 to ~3.6,
where met-SWNTs have cationic net charges and semi-SWNTs are anionic ( Figure   2B ), high purity (>99%) sorted semi-SWNTs can be obtained ( Figure 3 and Figure S3 in Supporting Information) as the electrostatic interaction between the anionic beads and nanotubes retains met-SWNTs but repels semi-SWNTs which are eluted first (Scheme 1A). Below pH = 2.5, some nanotubes start to bundle as the zeta potential decreases, making the semi-SWNTs purity decrease to around 94% ( Figure 3 and Our CSR method is highly versatile and the operational parameters can be easily optimized for different beads, surfactants and SWNT sources. We hypothesize that although the electrostatic adsorption/repulsion between the negatively-charged beads and the oppositely charged SWNTs is the main force for the electronic type sorting, the other groups from the functionalizing compounds may also affect the sorting purity. Besides CR, the Sepharose 4B beads were modified with another molecule, sodium 4-amino-1-naphthalenesulfonate (SANS, compound 2, Scheme 1B), hereafter referred to as Sepharose4B-SANS beads. What's in common for the CR and SANS molecules is that they both contain naphthalene-sulfonate groups. The naphthalene rings enhance the adsorption of met-SWNTs onto the beads due to the π-π stacking between the free electrons of the aromatic rings and extended π electrons in the more polarizable met-SWNTs. 53, 54 The SANS modification results in higher-purity sorting than the CR modification ( Figure 4A ) because the simple naphthalene-sulfonate structure of SANS avoids the complicated and unknown effects from the conjugated azo bonds and the primary amine groups of the CR molecules.
The commercially available anionic Sepharose-based beads, SP Sepharose (functionalized with sulfopropyl groups -instead of naphthalene-sulfonate), were also tested for comparison. As expected, the SP Sepharose beads do not perform as well as our Sepharose4B-CR and Sepharose4B-SANS beads ( Figure 4A ) due to the confounding effect of the alkyl chain which has non-selective hydrophobic interaction with both semi-and met-SWNTs. The non-specific hydrophobic interaction between the commercial available anion exchange beads and SWNTs may also be a reason why only limited purity was achieved for the HiPco SWNTs sorting in a pioneer work reported by Jagota et al. (with non-ionic surfactant and pH adjustment). 55 We also tested the pristine Sepharose 4B, which has been reported for small diameter tube sorting (but not for large diameter tubes) in the SDS-based hydrogel chromatography methods. The pristine Sepharose 4B beads perform effective sorting for the arcdischarge tubes with Triton X-405 at acidic condition even without any surface modification ( Figure 4A ). Although agarose is electrically neutral according to its chemical structure, the Sepharose beads are slightly anionic due to the small amount of sulfate and carboxyl groups introduced in the manufacturing process, as indicated in the product data sheet. The zeta potential of -26.38±1.48 mV of the Sepharose 4B beads confirmed their negative surface charge. This negative surface charge might be the reason why the unmodified Sepharose 4B beads also can sort the SWNTs by the CSR strategy. However, with the modification of the selected naphthalene-sulfonate compounds (CR and SANS), the beads' surface charge become more uniform and stable, and thus the purity of the sorted tubes is further improved. We also explored methylenebisacrylamide. As expected, although the Sephacryl S-200HR beads have been widely reported for effective sorting of large diameter tubes via the SDS-based hydrogel chromatography methods, 21, 56, 57 they do not show much sorting effect in the CSR system with Triton X-405 as surfactant (due to their electrically neutral surface), as shown in Figure 4A . Chemical (Hanwha for short in this study). The individual dispersion of SWNTs is a key issue for the high purity sorting, as shown in Figure 4B . Higher concentration of surfactants (e.g. 2.8% Triton X-405 versus 0.7% Triton X-405) in the eluting solution keeps the SWNTs from bundling during the elution and thus higher semi-SWNT purity was achieved. In addition, the sorted semi-SWNTs can be centrifuged to remove the remaining small bundles which may contain met-tubes to further improve the purity (olive curve, Figure 4B ). The precipitant after the post-chromatography centrifugation was re-dispersed in 2.8% Triton X-405 solution and also characterized by UV-vis-NIR absorption ( Figure S4 ). The higher M11 absorbance of the precipitant, compared to that of the as-sorted tubes and the supernatant, indicates the higher content of the met-tubes in the precipitant. Brij L23, another effective non-ionic surfactant for SWNTs, can be used as eluting solution as well (red curve, Figure 4B ).
For Hanwha-SWNTs, which are also produced by arc-discharge method but with different diameter/chirality distribution, Brij L23 shows better eluting efficiency than Triton X-405 ( Figure 4C ).
Examining the Raman spectra ( Figure 5 ) of unsorted versus semi-SWNTs sorted via different beads at three laser wavelengths (785nm, 633nm, 514nm), there is a significant general reduction/disappearance of the metallic peaks in the radial breathing mode (RBM) region with the laser excitation wavelengths of 633 nm and 785 nm, which are more informative for larger diameter tubes, indicating high purity of the semi-samples. Figure S5 and S6 (Supporting Information) show the UV-vis-NIR and Raman spectra of unsorted, semi-and met-P2-SWNTs (sorted by Sepharose4B-CR beads) and Hanwha-SWNTs (sorted by Sepharose4B-SANS beads), respectively. For the met-SWNTs samples, the RBM met-peaks greatly increase and the G + bands broaden accordingly, for both P2 (Figure S5 (B-D)) and Hanwha tubes ( Figure S6(B-D) ), corroborating the higher met-SWNT content in the sorted P2 and
Hanwha met-SWNTs samples, which agrees well with the UV-vis-NIR characterizations ( Figure S5A and S6A, respectively).
The redox reaction between SWNTs and the O2/H2O couple is mild and reversible, generating no/few defects on the reacted SWNTs, particularly semi-SWNTs with lower reaction extent. The almost nil extent of damage of semi-SWNTs during CSR sorting is evident from the low (equal to or even lower than the as-purchased raw SWNT samples) Raman D band (~1350 cm -1 ) which reveals the disorder of the graphitic structure of SWNTs ( Figure S7 , Supporting Information). Figure S8 O1s ( Figure S8C versus. Figure S8A) , confirming that met-SWNTs are p-doped by the redox process (1) above. [58] [59] [60] [61] [62] [63] The binding energy of C1s and O1s for semi-SWNTs doesn't show obvious downshift compared to the raw SWNTs ( Figure S8B versus Figure S8A ) since the semi tubes are much less reacted as we explained in Figure 1 .
More importantly, the high-resolution C1s peak of met-and semi-SWNTs show no additional sub-peaks compared to raw SWNT C1s peak ( Figure S8(D-F) ), confirming no significant addition of new functionality/defects. The absence of additional functional groups on SWNTs confirms our hypothesis that the positive zeta potential of met-SWNTs likely arise from the depletion of electrons and such phenomenon have also been observed for electron-depleted bulk and nanodiamonds. 42, 51, 60, 64 With optimization of various parameters, we achieved ultra-high purity (> 99.0%) for sorted semi-SWNTs with just one pass through the column, as indicated by the UVvis-NIR spectra (Figure 4 ). Since common optical methods cannot precisely measure met-SWNTs content below the 1.0% level, we precisely quantified the purity of the sorted semi-Hanwha-SWNTs sample ( Figure 6A ) via direct electrical testing of thousands of single-nanotube transistors as illustrated in Figure 6B . The semi-SWNTs sample was sorted through a Sepharose4B-SANS column. The raw Hanwha-SWNTs were dispersed in 2.8% Triton X-405 solution and eluted by 1% Brij L23 solution, both at pH 3.24. The density of deposited nanotubes was carefully controlled and the device channel length was set at 100 nm, which ensured that in most cases only one nanotube bridged the source/drain electrodes, as illustrated in the Figure 6B inset. The transfer characteristics for all devices made on a representative individual chiplet are depicted in Figure 6C ; no met-SWNTs were present in this collection of 320 devices.
We measured a total of 3,328 connected devices, and identified only 2 devices possibly constructed on met-SWNTs, whose transfer curves are shown in Figure 6D .
The direct electrical measurement results give a lower bound of the purity level of 99.94±0.04%, representing the highest purity of sorted semi-SWNTs that has ever been reported in the literature. And the purity still has great potential to be further improved by centrifuging the eluted semi-fraction, as demonstrated in Figure 4B .
The one-pass yield of semi-SWNTs sorted by this CSR method is dependent mainly on the yields of two process steps: the pre-chromatography centrifugation step (Yield 1) and the chromatographic step (Yield 2), as illustrated in Scheme S2 (Supporting Information). Other steps of the process do not result in any SWNT loss. The prechromatography centrifugation step removes the bundled nanotubes before the actual chromatography sorting. For P2-SWNTs, Yield 1 varies from ~71% to ~32% as the pre-centrifugation speed increases from 50,000 g to 122,000 g (Table S2 ). Yield 2 for P2-SWNTs keeps at ~30% regardless of the pre-chromatography centrifugation speed.
Therefore, the one-pass yield for the 99% to 99.9% purity semi-P2 SWNTs ranges from about 22% to 9% respectively, which is tuned by varying the prechromatography centrifugation speed from 50,000 g -122,000 g; the purity of the SWNTs is estimated by the UV-vis-NIR spectra ( Figure S9 , Supporting Information).
For Hanwha-SWNTs, when pre-chromatography centrifuged at 122,000 g, the purity reaches up to 99.94±0.04% when tested by single nanotube devices while the yield is also ~9% (Table S2 ).
The pre-chromatography centrifugation step ensures the individual dispersion of the un-sorted SWNTs, without any sorting effect, either by electronic types (Figure S10 , Supporting Information) or by length ( Figure S11 , supporting information). The average length of the sorted semi-P2-SWNTs is ~0.65 µm, regardless of the prechromatography centrifugation speed ranging from 50,000 g to 122,000 g ( Figure S11 , Supporting Information); the as-purchased P2-SWNTs are with bundle length 0.5 -1.5 µm (~1 µm) according to the supplier's information. Semi-Hanwha tubes are slightly longer than the semi-P2 tubes, with the average length of 0.82 µm with precentrifugation speed 122,000 g ( Figure S12 , Supporting Information). The CSR sorting shows slight size exclusion effect, due to the intrinsic size exclusive function of the Sepharose beads: the semi-SWNTs elution was collected into 3 fractions (0.5 mL each), and the average length of the first fraction (0.61µm) is slightly shorter than the other two fractions (0.70µm and 0.68µm, respectively), as shown in Figure S13 (Supporting Information). The purity of the third fraction is a bit lower than the first two fractions ( Figure S14 , Supporting Information), perhaps due to the elution of some incompletely charge-reversed non-armchair metallic tubes which has small but non-vanishing bandgaps. 34 The CSR method is applicable to SWNTs with a wide diameter range. In addition to arc-discharge SWNTs, we have also successfully sorted HiPco SWNTs, which require lower sorting pH (~2) due to their smaller diameters ( Figure S15 , Supporting Information). It is worthy of emphasis that, in our CSR method, the non-ionic surfactants do not directly contribute towards sorting but merely act to individually suspend the nanotubes. Hence, the CSR strategy distinguishes itself clearly from the previous SDS-based hydrogel chromatography sorting approaches. It relies on the opposing charges induced directly on the surface of different electronic types of nanotubes, in accord with theoretical calculation. We have focused our sorting efforts on a complementary column chromatography-based technique for its low cost and high throughput to realize the final physical separation of met-/semi-SWNT species from solution. However, we would like to mention that other techniques, such as selective adsorption of these differently charged nanotubes on chemically functionalized surfaces, 54 could also be utilized to achieve high selectivity separation by the same mechanism.
CONCLUSION
In conclusion, by dispersing the SWNTs with non-ionic surfactants and subjecting them to a simple but carefully chosen redox reaction with O2/H2O couple at optimized pH, we selectively invert the measured surface charge sign of met-SWNTs to cationic while keeping semi-SWNTs anionic. Our calculation of the extent of p-doping, employing the MG theory, verifies that the redox reaction of SWNTs with O2/H2O couple withdraws several-fold more electrons from met-SWNTs than from semi-SWNTs. By exposing the oppositely charged SWNT species to anionic agarose chromatography beads and optimizing pH as well as bead functionalization, we have achieved record-high purity (99.94±0.04%) sorting of semi-SWNTs in a single chromatography pass; the purity was verified with direct electrical measurements of more than 3,000 single tube devices and have great potential to be further improved.
This sorting process is also fast and convenient, is compatible with nanotubes with a wide diameter distribution (0.8-1.7 nm, using arc-discharge and HiPco SWNTs), and is robust against variations in the raw materials and experimental conditions. The discovery of a new sorting parameter (charge sign) and the associated system needed to effectively exploit this makes it possible to produce ultra-high-purity sorted nanotubes in large scale, which overcomes a major obstacle to the large-scale application of SWNTs in practical electronic devices, sensors and photovoltaics. The top 80% supernatant was carefully extracted and filtered through a 5 µm pore size cellulose acetate membrane and then used for subsequent sorting. The individually-dispersed carbon nanotube solution was bath-sonicated for 10 minutes before use if it had been prepared more than 1 day before the sorting process.
METHODS

Materials
Chromatography Process. Negatively-charged agarose beads were packed into a glass chromatography column (1.5 cm or 2.5 cm I.D., 5 cm bed height). The column was flushed with D.I. water with back pressure to make the packing firm. The column was thoroughly flushed with 2.8% Triton X-405 aqueous solution to remove any residual free functionalizing chemicals before sorting. For better removal of residual free dye molecules, the column was filled with 2.8% Triton X-405 solution overnight before use.
The separation of semiconducting from metallic carbon nanotubes was performed in three stages:
In stage 1, the column was flushed with at least 4 bed volumes of 2.8% Triton X-405 aqueous solution at sorting pH before loading the unsorted carbon nanotubes dispersion. 1.5 mL of SWNTs dispersion was added into the column and was allowed to pass through the column via gravity.
In stage 2, when the unsorted carbon nanotubes dispersion had fully entered the gel column, 2 bed volumes of 2.8% Triton X-405 solution at the sorting pH was added to elute the semiconducting fraction.
In stage 3, 2 bed volumes of 2% SDBS aqueous solution or 2.8% Triton X-405 solution (pH > 10) was added into the column in order to elute the metallic-enriched fraction. The column was then flushed thoroughly with D.I. water after which it was ready to be re-used for further separation.
The three stages of sorting through Sepharose4B-SANS beads was photographed and shown in Figure S16 in Supporting Information.
The sorted semi-SWNTs can be post-chromatography centrifuged at 122,000 g for 1 h
to remove the remaining small bundles and thus further improve the purity. immediately after the samples were ready.
Charge Transfer Calculation. We assume that the Fermi level is not pinned and the electron transfer from SWNTs to oxygen is the rate-limiting step. In Equation (2), one hole is generated in the SWNT when one electron transfers out; this step can be rewritten as:
The rate equation for this elementary reaction is:
where r is the electron transfer rate (number of electrons 
We can relate d[h + ] to dEF as follows:
which is valid for both metallic and semiconducting species. 
